Abstract. This paper presents evolutionary-based optimization procedure for designing natural rubber seismic isolation systems with viscous fluid dampers. The proposed technique is applied to the design of seismic isolation systems with viscous fluid dampers. A lumped-mass stick model representing a realistic five-story MDOF system with natural period of vibration
INTRODUCTION AND BACKGROUND
Seismic isolation is a protective measure against high earthquake risk exposure and is now seeing increased applications all over the world [1] . Various studies have investigated the different aspects of seismic isolation systems whether pertaining to the theory, development, behavior or the applications of such systems [2] - [6] . These included investigating the feasibility of production and implementation of low cost rubber bearings comparable in efficiency to commercial rubber bearings [7] . In addition, Ge et al. [8] investigated the performance of Viscous Fluid Dampers (VFD) under Near-Field ground motions coupling adjacent structures. A number of simulated ground motions on the structure were run to find the optimal damping coefficient. It was found that adjacent structures greatly reduce the response and the damping coefficient had lesser impact. The use of base isolation systems has been applied to many essential and emergency facilities, such structures have to meet the "Immediate Occupancy" seismic performance requirements [9] . Some designs have utilized NR bearings supplemented by linear VFDs for high-velocity pulses caused by Near-Field ground motions [10] . Similarly, AlHamaydeh & Aly [11] studied the use of a base isolation system to be retrofitted to an existing Reinforced Concrete (RC) bridge. Further research has been conducted using artificial neural network (ANN) to design a base isolation system [12] . The study demonstrated that ANN models are powerful tools that can be utilized early in the design stages. Similarly, the incorporation of Multiple Regression Analysis (MRA) models can also be valuable during preliminary design stages [13] .
The modeling and control of Magneto-Rheoliogical (MR) dampers has also been investigated [9] . The studies used system identification techniques to approximate the dynamic behavior of the MR dampers [14] , [15] . MR dampers are semi-active control dampers and hence are more effective than their passive counterparts [16] . Others have examined the response of a linear elastic, one-story building with linear and non-linear viscous dampers [17] . It was shown that non-linear viscous dampers are more effective at reducing the responses as well as in decreasing the effects of torsional coupling. Lei and He [18] proposed algorithms to identify the non-linear properties of LR bearings. Other algorithms include a proposed artificial bee colony algorithm for optimization of VFDs sizes and locations in a planar building frame in order to reduce accelerations in structures during ground motions [19] .
PROBLEM DEFINITION

Structural model
The objective of this study is property optimization of base isolation system for superstructures that are subjected to near-field ground motions. This optimization is carried out by a modified Genetic Algorithm on a five stories (Figure 1 ) lumped-mass stick model. The model has a fixed story height of 3.5 m. It should be emphasized that the MDOF model used for the analysis is a simple lumped-mass stick first introduced by Kelly et al. [20] and later used by many other researchers. The same model was replicated by AlHamaydeh et al. [13] and checked to match the natural frequencies of the original model. The same replicated model is used in this research but with variable natural periods. Model details are shown in Figure 1 above. 
Ground motion records
This study will use representative Near-Field (NF) ground motion records as excitation to the BI model. Generally speaking, a ground motion is considered near field if it is close to the epicenter of the earthquake and has a high Peak Ground Velocity (PGV). In this research, time history records with a PGV greater than 60cm/s and recorded within 25 km from the epicenter. A total of 24 ground motion records that satisfy these criteria were acquired from PEER ground motion database [21] . Figure 2 shows the 5% damped response spectra for the ensemble of earthquake records. 
Optimization method: Genetic Algorithm with Domain Trimming (GADT)
To begin GA optimization, a population of N p (population size) solution alternatives are generated randomly using a uniform probability distribution; each solution of the GA consists of a combination of variables (x 1 , x 2 , x 3 , …, x n ) which has its own fitness value. In cases where the optimization is performed to find the minimum of a given problem, lower fitness is preferable. Solutions that yield low objective values would have better fitness as long as they are not penalized for violating the constraints which would result in increasing the fitness value. Populations of solutions are represented by chromosomes or variable strings. In this research, a variable string is used instead of a binary string because the design variables are discrete. Once the fitness for every solution in the current population is calculated using the fitness function F j (X), unfit solutions are eliminated. Any solution whose fitness is greater than the average, F ave , of the population is reassigned a fitness of zero:
where (X) is the vector of the design variables.
The three basic operations of a GA, reproduction, crossover, and mutation, are used to improve the fitness of each population from one generation (iteration) to the next ( Figure 3 ). The reproduction operation selects the better fit designs, copies them and places them into a mating pool allowing each to mate and reproduce. Different selection methods are available in the literature. The roulette wheel selection method is used in this study for its simplicity and popularity. The uniform crossover operation is used to combine genetic information between two parent solutions. Uniform crossover selects two parent solutions at a time from the mating pool and swaps variables corresponding to zeros in a binary string known as a mask. [22] A major shortcoming of GA optimization is that while it is good in global search of the optimum solutions, it is weak in local search; meaning that it will converge to the optimum solution but will not locate it with high precision especially if the population size is small. The reason is that initially, the solution variables are selected randomly from a pre-specified range (domain), those variables do not change but relocate from one solution to another, with the exception when mutation occurs which introduces new variables from the specified domain. However, the probability of mutation is generally kept low (2%-5%) in order to increase the solution stability. Another shortcoming of the GA approach is the choice of domain; a poor choice of the domain (e.g.: [1, 1000] when the optimum value is 2) dramatically impacts convergence. In this study, a new technique that addresses these GA shortcomings is presented. The technique is to trim the domain so that the chance of selecting the optimal variable is enhanced (e.g.: trimming a domain from [1, 1000] to [1, 10] would increase the probability of selection of the optimal variable by 200 times). After trimming, the GA is reinitiated and continues to do so until the optimum solution is found. Error! Reference source not found. shows the flowchart for the GADT Method. For more details about GADT algorithm the reader is referred to [22] .
Constraints handling
One of the most common constraint-handling techniques is through penalty functions. In such approaches, the problem is solved as an unconstrained one, where the constraints are penalized (such that non-feasible solutions are characterized by high function values). This allows for a single objective function to be formulated and in turn minimized using an unconstrained optimization algorithm. The penalty functions can either be stationary or nonstationary (dynamically modified). It is observed that non-stationary penalty functions are almost always superior to stationary penalty functions. A non-stationary penalty function is, generally, defined as
Where F(x) is the original objective function of the constrained optimization problem; ( ) p  is a dynamically modified penalty value, defined as , , , 1 0, 1
Where, r i is the individual member's demand over capacity ratio according to the design code. c pn and e pn are the penalty coefficient and exponent, respectively. As their name implies, they provide means to penalize the optimization objective if the ratio r exceeded unity. e pn serves as efficient means to greatly increase the penalty as r gets farther from unity while c pn ensures that values of r get farther away from unity. In this study, the empirically-selected values of the penalty coefficient and exponent are 2.5 and 2, respectively.
Optimization problem formulation
The formulation of the optimization of seismic isolation systems with viscous fluid dampers using GADT Algorithm is as follows:
 The objective function for the optimization problem is the Top Story Acceleration Ratio (TSAR) of the isolated-base structure to the fixed base one. Taking the maximum acceleration of the top story of both cases ( Figure 4 ): (4) Figure 4 : Comparison between the two cases of a fixed-base (left) and isolated-base (right) structures, adopted from [23] The objective function of the optimization could be expressed as:
Where c is the damping coefficient, α is the damping exponent. Both are specified by the designer to the manufacturer, damping exponent values could range between 0.1 and 1.5. T is the fundamental period of the structure. The range of natural periods considered in this study is between 2.5 and 4.5 seconds. This period is changed in BI system by changing the lateral stiffness of the rubber isolators.  The constraints of the optimization problem are the Total Maximum Displacements (D TM ), the peak damper force (P DF ), as well as the maximum drift ratio (δ max ). Those constraints are summarized in the constraint function:
Where, max , ,
Where P is the maximum damping capacity of the VFD which is taken, based on practicality considerations, to range between 450 kN and 4450 kN. is the maximum limit at which the base of the structure can displace, further displacement of the base will result in rupture of the rubber isolator and will therefore jeopardize the entire structure. For this study, is limited to a maximum value of 1 m. is the maximum amplified story drift ratio, its calculated by finding the maximum value of all individual story drifts and then dividing it by their respective story height, it is then multiplied by the deflection amplification factor C d , the structure is assumed to be in the elastic range if the ratio is less than 2%, IBC '12 [24] . Combining the objective and constraint functions together would yield the fitness function used in GA:
In calculating the solution fitness, TSAR is selected as the main objective of the optimization as it signifies the effectiveness of the isolation system. The other response parameters , , signify practical acceptably limits of the structural response when the BI system is utilized. The BI of design variables to be used in the optimization are C, α and T. In this research, a variable string is used instead of a binary string because the design variables are continuous. Once the fitness for every solution in the current population is calculated using the fitness function defined by equation 8, unfit solutions are eliminated using the following equation where any solution, whose fitness is greater than the average, F ave , of the population fitness is reassigned a fitness of zero:
, , , ,
where the fitness of an individual design solution is denoted by F j .
RESULTS
The GADT algorithm is used to carry out the optimization of the lumped-mass stick model (Figure 1 ) to find the BI parameters that would yield minimum objective function, TSAR subjected to the P DF , D TM , δ max constraints. The population size used was 200 solutions, and the GA spanned over 300 generations. Table 2 summarizes the results of the optimization for the five-story model.
In agreement with conventional wisdom and sound engineering experience, it is found that combining low values of C, highly nonlinear α [low values] with highly flexible rubber isolators [long T] produces the optimum performance [low TSAR]. 
SUMMARY AND CONCLUSIONS
The aim of the research was to optimize the properties of base isolation systems under Near-Field Ground motions which are characterized by their high velocity demands. Three solution variables are considered as input for the optimization: the damping coefficient C, the damping exponent α and the structure's natural period T.
As a mean of optimization, a modified GA is presented; the modifications enhance its performance. The enhancements are based on a simple concept which is to eliminate most of the undesirable variables that produce unfit solutions after some generations have been evaluated. The GA is then restarted with the new pool of genes that produced desirable solution. The GA re-initiation increases the probability of finding the optimum solution.
For the representative five-story structure, the BI system is efficiently designed to have optimal performance using the presented GADT. It is found that, for NF ground motions, nonlinear dampers with relatively low damping coefficients are capable of superior performance [produce lower acceleration levels] especially when implemented with soft isolators. Future work may include cost optimization; in the current GADT formulation there is no considera-tion for the cost of the VFD or the rubber bearings. Also, other structural heights and configurations can be considered for broader implementation.
